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We analyze J/V"— production in nucleon-nucleon collisions near threshold in the framework of a 
general model independent formalism, which can be applied to any reaction N + N N -\- N -'r V''\ 
where = cj, (j>, or J/V'- Such reactions show large isotopic effects: a large difference for pp- and 
pn-coUisions, which is due to the different spin structure of the corresponding matrix elements. The 
analysis of the spin structure and of the polarization observables is based on symmetry properties 
CN| ' of the strong interaction. Using existing experimental data on the different decays of J/-;/)— meson, 

, we suggest a model for N + N-^N + N + J/tp, based on t— channel rj + yr-exchanges. We predict 

'n— «' ■ polarization phenomena for the n + p— * n + p + J/i/i-reaction and the ratio of cross sections for np 

and pp-coUisions. For the processes rj{n) + N ^ N + J/ip we apply two different approaches: vector 
5— ( , meson exchange and local four-particle interaction. In both cases we find larger J/f/j-production in 



np-coUisions, with respect to pp-coUisions. 

I. INTRODUCTION 

It is well known that the J/t/)— meson has been observed in two different reactions: in p -f i?e-collisions H 



<: 

(N 

> 

■ Since that time experimental and theoretical studies of J/^;— production have been going on. As a result of high 
, statistics and high resolution experiments a large information on the properties of the J/i/;— meson have been collected, 
on the production processes and on its numerous decays. From a theoretical point of view, the interpretation of the 
, data, in particular in confinement regime, is very controversial. As an example, the c— quark mass is too large, if 
compared to predictions from chiral symmetry, but for theories based on expansion of heavy quark mass (Heavy Quark 
Effective Theory), this mass is too small In principle all data on J/tp— should be explained in the framework 
of QCD. For example, the typical picture of charm production (open or hidden) should unify the different steps: 
' parton-level hard process with production of cc-pairs, after the step of hadronization of cc- into J/ip or into charmed 
'"^ . hadrons (mesons and baryons) and the final state interaction of the produced charmed hadrons with other particles. 
^ ' The relatively large transferred momenta involved in most processes of J/?/'— production in hadron-hadron collisions 
^ , allow to treat the first step in framework of perturbative QCD. But the applicability of QCD is not so straightforward 
' for the description of the c-quark hadronization. 
. ^ ' This is correct especially for exclusive reactions, such as, for example, J/ip production in nucleon-nucleon collision: 
N + N^N + N + J/i/j- Note that the threshold for this reaction is large: i?tft = 12.24 GeV which corresponds to 
?H [ y/s = 2m + mj/^ ~ 5 GeV, whereas experimental data about p + p ^ J/ij] + X are available for ^ > 6.7 GeV [|. 
therefore the experimental study ofN + N^N + N + J/^ near threshold is an important part of the program of 
the future accelerator facility at GSI ||]. 

Precise measurements of threshold J/ip production will bring important information with respect to the following 
issues. First of all the threshold meson production in A^A^-coUisions gives deeper insight in the reaction mechanisms 
as it is shown by recent experiments on p + p^p + p + uj{(j)) (|-|l|,|2|,|l|,0 , p + p ^ A(I]°) + K+ + p [|5|-0, 
and p + p ^ P + P + 'ri{rj') [^11 2^Jl^-^. In this respect, J/-!/;— production has a specific interest: the production 



and the propagation of charm in ion-ion collisions has been considered as one of the most promising probe of quark- 
gluon plasma (QGP) formation The productions of charmonium (hidden strangeness) and D (D*) mesons (open 
charm) are equally important. The suppression of charmonium production in heavy ion collisions has been indicated 



as a signature of QGP |29|, but in order to state the evidence of a clear signal, it is necessary to analyze in detail all 
possible mechanisms for J/i/;— production in ion-ion collisions, and also all other processes which are responsible for 
the dissociation of the produced J/tp— meson, such as J/ip + N ^ Ac + D, for example. 
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The aim of this paper is to study J/^/;— production in the simplest iViV- reactions: p + p p + p + J/ijj and 
n+p— > n+p + J/ip. In the near threshold region there is no experimental information about a possible difference in 
pp- and np-coUisions. There are no theoretical predictions for such exclusive processes, which are very difficult to treat 
in framework of QCD. It is possible to find some phenomenological parametrizations ||30|] of the energy dependence 
of the total cross section for p + N ^ J/t/j + X, without any consideration on possible isotopic effects. However, 
previous experience with light meson production N + N ^ N + N + cjj{(t)), showed an essential difference in 
np— and pp— cross sections, in particular in the near threshold region, and there is no physical reason for a different 
behavior in J/'f/'— production. It is evident that the knowledge of the elementary process p + N^p + N-\- J /tp is 
very important for a realistic calculation of J/i/>— production in nucleus- nucleus collisions. 

In principle the 'elastic' J/-0— production in iViV-collisions can be treated in full analogy with processes of light 
vector meson production. All symmetry properties of the strong interaction, such as the Pauli principle, the isotopic 
invariance, the P-invariance, which have been successfully applied to light vector meson production in TVA^-collisions 
p5| , hold for J/i/;— production, too. A formalism can be built, which is particularly simplified in the threshold region, 
where final particles are produced in S'-statc. Simple considerations indicate that this region is quite wide: the effective 
pro ton size, which is responsible for charm creation, has to be quite small, Tc — l/mc, where rric is the c-quark mass 
p6[ . Therefore the 5- wave picture can be applied for q < rric, where q is the J/4'~ three-momentum in the reaction 
center of mass (CMS). 

This paper is organized as follows. In the first chapter we establish the spin structure of the threshold matrix for 
the two TVA^-processes: 

p + p p + p + J/'ip, 



p + n^p + n + J/ip 

in terms of partial S*— wave amplitudes, and calculate the simplest polarization observables in terms of these ampli- 
tudes. In Chapter 2 we treat the dynamical issue in terms of channel exchange mechanisms by light mesons. We 
give numerical predictions in framework of a tt -I- 77-model. The experimental data about different hadronic decays of 
J/'0— meson may give constrains on our predictions. 



II. SPIN STRUCTURE OF THRESHOLD MATRIX ELEMENTS AND POLARIZATION PHENOMENA 

In the general case the spin structure of the matrix element for the process N + N^N + N + V is described by 
a set of 48 independent complex amplitudes, which are functions of five kinematical variables. The same reaction, in 
coplanar kinematics, is described by 24 amplitudes, functions of four variables. In coUinear kinematics the number of 
independent amplitudes is reduced to 7 and the description of this reaction is further simplified in case of threshold 
I^-meson production, where all final particles are in S'-statc. 

Applying the selection rules following from the Pauli principle, the P-invariance and the conservation of the total 
angular momentum, it is possible to prove that the threshold process p + p ^ p + p + V'^ is characterized by a single 
partial transition: 

= 1, = 1 ^ J'' = l- ^ Sf = 0, (1) 

where Si (Sf) is the total spin of the two protons in the initial (final) states and £i is the orbital momentum of the 
colliding protons. In the CMS of the considered reaction, the matrix element corresponding to transition (|l|) can be 
written as: 

Mipp) = 2/io(x2 (Ty a-U* X kxi) {x\(^y X3), (2) 

where xi ^-nd X2 ( Xs Xi) ^re the two-component spinors of the initial (final) protons; U is the three-vector of 

the y-meson polarization, k is the unit vector along the 3-momentum of the initial proton; /lo is the S-wave partial 
amplitude, describing the triplet-singlet transition of the two-proton system in V-meson production. 

In case of np-collisions, applying the conservation of isotopic invariance for the strong interaction, two threshold 
partial transitions are allowed: 

S, = 1, ^ 1 ^ = 1- ^ S/ = 0, 
S, - 0, = 1 ^ = 1- ^Sf = 1, (3) 
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with the following spin structure of the matrix element: 

Minp) = /io(x2 CTy a-U* X kxi) ixl<^y xl) + 

/oi(X2 cryXi){xl^ ■ U* X kayxl), (4) 

where /oi is the S-wave partial amplitude describing the singlet-triplet transition of the two-nucleon system in V- 
meson production. In the general case the amplitudes /lo and /oi are complex functions, depending on the energies 
E, E' and Ey, where E, [E') and Ey are the energies of the initial (final) proton and of the produced F— meson, 
respectively. 

Note that /lo is the common amplitude for pp- and np-collisions, due to the isotopic invariance of the strong 
interaction. This explains the presence of the coefficient 2 in Eq. (||). The parametrizations (||) and (^) are model 
independent descriptions of the spin structure for threshold production of any vector meson in iVA^-coUisions, N+N 
N + N + V, from the hght p, uj and to J/ip, fp' ,tp" , including the vector bottonium: T(15'), T(25) and even the 
hypothetical exotic vector toponium states. All dynamical information is contained in the partial amplitudes foi and 
/lo, which are different for the different vector particles. On the opposite, some polarization phenomena have common 
characteristics, essentially independent from the type of vector meson. For example, vector mesons produced in pp- 
and np-threshold collisions are transversally polarized, and the elements of the density matrix p are independent from 
the relative values of the amplitudes foi and fio'. Pxx = Pyy — \ , Pzz = 0. Therefore, the angular distribution shows 
the sin^ 6'p-dependence for the subsequent decay P + P (where P is a pseudoscalar meson) and the (1 + cos'^ 6)- 

dependence for the decay ^ p^ + p^ , where 9 {9p) is the angle between k and the /i^ (P) momentum (in the 
rest system of V^). Possible deviations from this behavior have to be considered as an indication of the presence of 
higher partial waves in the final state. 

All other one-spin polarization observables, related to the polarizations of the initial or final nucleons, identically 
vanish, for any process of meson production. 

The dependence of the differential cross section for threshold collisions of polarized nucleons (where the polarization 
of the final particles is not detected) can be parametrized as follows: 

^(Pl,P2)=f^) (l+AlPl-P2+A2i-Pli-P2), (5) 



dio ' \dio 

where Pi and Pj are the axial vectors of the beam and target nucleon polarizations, duj is the element of phase-space 
for the three-particle final state. The spin correlation coefficients Ai and A2 are real and they are different for pp- 
and np- collisions: 



p + p-^p + p+V^: Aiipp) = 0, A2(pp) 



l/oiP < / X l/iol 



\ + p —f n+ p +V°: Ai{np) ^ A2{np) 



l/oiP + l/ioP' l/oiP + l/ioP' 

with the following relations —Ai{np) -|- A2{np) — 1 and < A2{np) < 1. 

Defining TZ as the ratio of the total (unpolarized) cross section for np- and pp- collisions, taking into account the 
identity of final particles mp + p^p + p + V^, we find: 



a{np npV'^) 1 1 |/( 



|2 



So the following relation holds: 



^ aipp^ppV') 2 + 2|/iop- 

The polarization transfer from the initial neutron to the final proton {n+p ri + p + V) , can be parameterized as 
follows: 

Vf =PiPi+P2k{k- Pi), (7) 

with a simple expression, which relates the real coefficients pi and p2 to the partial amplitudes /oi and /iq: 

27^e/olA*o ^ V7R~T 

Pi[np) ^ -P2{np) = = cos (5 , 

l/oir + l/ior ^ 

where 6 is the relative phase of /oi and /lo, which is non zero, in the general case. 

For the process p + p ^ p + p + V'^ the relation pi(pp) = P2(pp) = holds, for any vector meson . 
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III. THE DYNAMICS FOR THE f-CHANNEL 



The parameterization of the spin structure of the threshold matrix elements given above, is based on fundamental 
symmetry properties. It is therefore model independent and can be applied to any reaction mechanism. Following 
the standard way in describing the nucleon-nucleon interaction, we will apply channel tt'^, ry, a and meson 
exchanges to J/ij] production, too. Such approach has been used to describe the production of light vector mesons 
such as and uj po| , ^ . The reaction threshold ior p + p ^ p + p+ J /%l> m the laboratory system (LAB) is quite large. 
However, the formalism of Pomeron exchange can not be applied here, even at such large energies, because the Regge 
picture is valid when not only the initial energy is large, but also the excitation energy: the quantity {W — Wth)/Wth 
(where W is the total energy) has to be essentially larger than unity. 

Another important kinematical variable is the momentum transfer squared, t — [p2 — pa)^ , where p2 and p^ are 
the four-momenta of the target and of the scattered nucleon. At threshold, one can find that the variable t has only 
a fixed value, t = —mmv, where m is the nucleon mass and my is the T^— meson mass. So, for J/i/^-production this 
momentum is large: t ~ -3 GeV^ , therefore all the propagators corresponding to the light mesons are of comparable 
magnitude (t — ~ t — ~ i — ~ i — mj,). In such situation it is not possible to justify the dominance of a 
particular exchange mechanism, so we have to conclude that threshold heavy ^-meson production in NN-coUisions is 
determined by the exchange of the coherent sum of many different mesons, with different masses. 

But what about the quantum numbers, , of these exchanges {J' is the spin and P is the parity of the corresponding 
meson) ? 

We can use the parametrizations (||) and (^, which are exact and model independent results, with definite selection 
rules, from the point of view of s-channel for + iV ^ + -/V + to understand the i— channel ■^-picture. Using 
the Fierz-transformations (in two-component form), let us rewrite the general parametrization of the matrix element, 
see Eqs. (^) and (|4|), as a f-channel parametrization: 

(X2 <yyXi){xy ■ U* X kayxl) = lixlxi) ix^ ■ U* X 1x2) + lixy ■ U* X kxi) (xlx2) + (8) 

^ ixl^ ■ Uxi) {x\S ■ kx2) - {xl^ ■ kxi) {x\^ ■ U*X2) 

Each term in Eq. (|^) has a precise dynamical interpretation, as it corresponds to i— channel meson exchange (Fig. |l|) 

with a definite spin and parity, . The first two terms describe a scalar exchange, where the spin structure a -U* x k 
(in one vertex) corresponds to the matrix element of the process a* + N ^ V'^ + N {a* is a virtual scalar meson) at 
its threshold. The other vertex, corresponding to the cr A A-interaction has a structure of the type x^^^X- The last 

two terms describe the exchange by neutral pseudoscalar mesons (tt^ or ry) with the a ■ [/-spin structure of the matrix 

element for the subprocess T:^*{ri*) -I- A — > y'^ + A at threshold, and with the a ■ k structure for the vertex NNTT{r]). 
The same considerations hold for the /lo-partial amplitude. 

Therefore we can conclude that i-channel exchanges with = 0+ (scalar mesons) and = 0^ (pseudoscalar 
meson) can be considered as the most probable mechanisms to describe the threshold dynamics of J/i/i-production in 
NN-collisions. Let us consider these mechanisms in detail. 



A. (7-exchange 

The matrix element Ada, corresponding to the two diagrams of Fig. |l], can be written as: 

Ma = Mia +M2a, 

with the following expression for the matrix element Mia, corresponding to Fig. |]a: 

Mia = -^^^UixllXl) \x\{^hlai ■ U* + h2aS ■ I X U*)X2 



t 



(9) 



where gaNN is the uNN coupling constant, A/" = 2m{E + m) = m{my + 4m) is a normalization factor, which arises 
from the transformation of the invariant matrix element for the considered process (in terms of the four-component 
spinors for the initial and final nucleons) to the two-component form, which is better adapted to the description of 
threshold spin structure in CMS of the considered process. We used the following formula for the threshold energy 

W my 

of the initial nucleons, E = — = m H — —. The complex amplitudes hia and h2a describe two possible threshold 
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partial transitions in a* + N ^ V + N: (.„ ^ 1 ^ = 1/2 and 3/2 , where la is the orbital momentum of the 
initial crA^-system. One can find that: 

hla — hi/2 + 2/l3/2, h2a = ^1/2 ^ ^3/2) 

where hi/2 and ^13/2 are the partial amplitudes corresponding to the two possible values of the total angular momentum 
ina* +N + N. 

Comparing the spin structure of the matrix elements for the processes n+p^n+p + V'^ , Eq. (Q) and a + N ~* 
A^ + yO, Eq. (|), one can see that only the amplitude has to be kept, because it generates transversally polarized 
y— mesons. First of all, this means that the cross section of the processes n + p ^ n + p ~\- and a + N N + V 
are determined by different contributions to the amplitudes hi^ and h2a- This follows from the following formula for 
the corresponding cross section: 



^(diV) ~ + 2\h2a\\ ^{np ^ npV) ~ |/i2<x 



Therefore these cross sections must be independent. Moreover, both amplitudes /oi and /lo, for n + p —> n + p + V'^ 
in case of tr-exchange, being proportional to h2a, have to satisfy simple relations. In such case definite numerical 
values can be derived for the polarization observables in meson production for np— collisions. To prove this, let 
us transform the matrix element into the " standard" parameterization of Eq. (|^) , in terms of definite quantum 
numbers of the s-channel: 

- (X3X1) (xIct • AX2) = ^ -(X2 cTy S ■ Axi) {x^i(ryxl) + 

(X2 cTyXi) (xlf? • Acjyxl) + (10) 
+i^ikiAi{x2 (Ty (JiXi) ixlcrkCTyxl) ' 

where A — k x U* . From Eq. one can see that Aiia contains not only the structures which are allowed by 

symmetry selection rules, but also a contribution which corresponds to a triplet-triplet transition in the np-system 
(last term in Eq. (p^)). Such transition is forbidden by the generalized Pauli principle, following from the isotopic 
invariance of the strong interaction and should not appear in the total matrix element Ada- 
Let us consider in a similar way the matrix element A42a- 



M2. = -f^M 



xl {ihiJ ■ U* + h2aa -^kxU*) xi] {xl^X2) , (11) 



where we applied the following relations: gapp = gcmn = g^NN, hi„{an nV^) ~ hic{ap pV^), i = 1,2, which 
follow from the isotopic invariance of the strong interaction, in case of isoscalar vector meson. Note that here we 
use the same propagator as in Eq. (^). this is correct in threshold conditions, because any different propagator will 
generate higher waves in the initial and final states. Summing the two contributions in the matrix element, the 
wrong term corresponding to the triplet-triplet transition mn+p—^n+p + is exactly cancelled: 

Mia + M2a = (X2 CTy ^ ' Axi) (xlcTyXl) + (X2 CTyXl) {xl^ ' ^^^yXl), 

Therefore, for cr— exchange, one finds: 

Aa) _ Aa) _ gcNN .f, , . 

JW --J0I - ~ j:_^2 -^^2<T. (12) 

Independently on the numerical values of the coupling constant gaNN and of the partial amplitude h2a for the process 
cr -t- TV ^ N + V°, the polarization observables for the process n+p^n+p + V'^ and the ratio TZ (see Eq. (^)), take 
the following values (in framework of cr-exchange) : 

2A["\np) = P^''\np) = -1, and TZ^"^ = 1. (13) 

Note that introducing phenomenological form factors in the expression for Ma affects the absolute value of the cross 
section, but can not change the relation /[q^ = —JqI^ and therefore the results jl^). 
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B. 77-exchange 



Similarly to a-exchange, the T^-exchange is characterized by two diagrams (Fig. |l|) and the matrix element is the 
sum of two matrix elements, corresponding to Fig. |l|a and Fig. ^d: 



where the matrix element Mir; can be written as 



M 



g-qNN 



E + m 



xUhir,^ ■ U* + h2r,a ■ k ■ U*)xi (xla ■ fcX2), 



(14) 



where /ii,, and are two independent partial amplitudes, which describe the threshold spin structure for the 
subprocess rj* + N ^ V + A^°. These amplitudes correspond to to two allowed threshold partial transitions (in 

T]* +N ->V + Ny. t, = O^J^^ 1/2- and = 2 ^ = 3/2-. The factor — - — = ./ ™^ arises from 

E + m y my + 4m 

the transformation from the relativistic expression of the rjNN-vertex, ?l(p2)75'u(pi), to the two-component form in 

the CMS ofn+p— >n + p + ^-reaction, a ■ k. 

Again, one can prove that only the sum A^i,, + A^2i; generates the correct spin structure for threshold matrix 
element A^^ (again taking into account the isotopic invariance for both vertexes of the considered diagrams: rjNN 
and + N ^ N + V°, N = p or n): 



M 



1,, 



t - 



E + m 



(X2 (Ty d ■ Axi) {x\f^yxl) + 
(X2 CTyXi) {x\S ■ Auyxl) , 



with the following relation for the partial amplitudes for n + p^n + p + ry: 

An) _ fin) 
JiQ ^ Joi 

and definite numerical predictions for the polarization phenomena and for the ratio TZ: 
So, only the coefficient v[^}p can discriminate between 77- and a- exchanges. 



(15) 



(16) 



(17) 



C. TT-exchange 



Due to the isotopic invariance of the strong interaction, it is necessary to consider four Feynman diagrams, corre- 
sponding to the exchange of neutral and charged pions in n+p^n+p + (see fig. 2). Taking into account the 
isotopic relations between different coupling constants in TVA'^Tr-vertexes and different amplitudes for the processes 
TT + N ^ N + , one can find the following expressions for the amplitudes /[q'' and /qi"*: 

f[o' - -/^/^-AA /I^, /^^) . -3/}o^), (18) 
t — y 4m 4- my 

and the single amplitude /|q for the process p + p^p + p + V'^ is equal to 2/|q ' (np 
structure for the processes tt + N N + V and rj + N ^ N + V has to be simpler. 

Independently from the concrete model for the amplitude hi,^ of the process t: + N 
allow to predict definite values for the polarization observables and for the ratio TZ: 

4% = = -I and 7^(-) = 5. (19) 

which are very different from the previous cases of pure a- or ry-exchanges. 



npV''^). Note that the spin 
N + V, the relations (|l|) 
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D. "Realistic model": tt + 77-exchange 



Based on the above mentioned results for the different channel exchanges, we can build a more realistic model, 
combining the contributions of different mesons. As an example, let us consider the case of tt + ?7-exchange, with the 
following expressions for the allowed threshold partial amplitudes /lo and /oi of the process n+p—^n + p + V'^: 



/lo = - r), /oi = X(3 + r), (20) 



g-KNN ^iTT \t - 



where the ratio r = ''^^ ( 1- ) characterizes the relative role of 77- and 7r-exchanges in n+p ^ n + p + V^ 



and Aj^ ~ g-rrNN / V Therefore, we can find the following results for the polarization observables in 

t — y my + 4to 

n + p ^ n + p + V''^ and for the ratio TZ of the total cross section for n + p- and p + p-coUisions: 

9 + 67^er+|rp _ 3 - 27^e r - |rp 5_+_2^e^-Hrf 

" "2(5 + 27^e r+ |r|2)' '^^ ~ " 5 + 27^e r + |r|2 ' ~ |l-r|2 ' ^ ^ 

This primarily means that, in framework of the considered model, two independent parameters TZe r and |rp enter 
in the definition of three observables. Therefore a simultaneous measurement of Vi and Ai can determine uniquely 
TZe r and |rp (with the evident condition \TZe r\ < \r\): 

The situation is simplified if the ratio r is a real parameter. This is the case in framework of the effective Lagrangian 
approach for the processes rj^n) + N N + V'^, near threshold, where the corresponding pole Feynmann diagrams 
originate the real amplitudes /ii,, and hi-^. It is also the case for s— channel A'^*-contribution, which is common to 
T] + N and tt + N- interactions. For J/i/j-production the first case seems as the most probable. 

For a real value of r, the following quadratic relation between polarization observables Vi and Ai holds: 

AAi + AAf + Vf ^ 0. (23) 

After measuring of the ratio TZ (of total cross sections for np— and pp— interactions) it will be possible to find two 
different values for r: 



TZ+1 , ^V2TZ~1 

1^4- = — ± 2—- . 

TZ-1 TZ-1 

Knowing r, it is straightforward to predict any polarization observable for the process n + p n + p + V'^. The 
behaviors of TZ, Ai and T'l as a function of r, (when r is real) are shown in Figs. 3-5. One can see a strong dependence 
of the ratio TZ from r in the region —I < r < 3, where TZ > I, i.e. with strong isotopic effects. Only for r < —1 we 
have TZ < 1, with a weak dependence on the parameter r. The coefficients Ai and T^i show particular sensitivity to r. 



E. Attempts to estimate r 



The previous analysis is based on the most general properties of threshold vector meson production in A'^A'^-collisions 
and t-channel exchanges. In the last case, we used only properties related to the quantum numbers of the correspond- 
ing t-channel mesons: spin, parity and isotopic spin. All previous results are valid for any isoscalar vector meson 
production, w, (/> or J/ip. The properties, which are specific to a definite F^-meson reaction, appear first of all in the 
kinematics, in particular in the different y°-meson masses, and in the values of the partial amplitudes for the binary 
subprocess, M* + N ^ N + , where M* = tr, 77, tt is a virtual meson (with space-like four- momentum) . So, for the 
considered (rj -\- 7r)-model, all dynamical information, which is necessary for the calculations of such observables as TZ, 
Ai and T'l, is contained in one complex parameter r, which characterizes the ratio of the threshold amplitudes for 
?7(7r) -I- ^ -I- y°-processes. Therefore the identity of F^-production is also contained in the ratio r. 

Let us estimate this ratio in case of J/4'- production. For this aim, we refer to the existing experimental information 
about the different hadronic decays of the J/ip- meson. For example, the following branching ratios ^T\ : 

BR{J/iP pV) (4.2 ± 0.5) • 10~^ 
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BR{J/i> Lurj) = (1.58 ± 0.16) • 10" 



allow to determine r in the framework of a simple vector exchange model for the process r]{TT) + N N + N+J/tp (see 
Fig. 6). The nice property of this model is that all the coupling constants are known. The p— exchange mechanism for 
J/V'-production in TriV-coUisions has been considered earlier ||38| . The corresponding matrix element can be written 
in the following form: 



M = 



gpvv 



t 



T'J/lp 



(24) 



= U{P2) 



(ygujk - q)i 
2m 



u{pi) 



la{Fi +F2) F2 

2m 



■u{Pi), 



(25) 



where Fi and F2 arc the Dirac and Pauli form factors of the V^'A^A^- vertex of the considered diagram. At the reaction 
threshold the matrix element, Eqs. ( p^ ) and (|2^), can be simplified as: 



U* -a-kk-U*]xi 



(26) 



Taking into account VDM- predictions for the {Fi + F2) term, which in case of ujN N {pN N)-veitex, is proportional to 
the isoscalar, /Up + (isovector, /Up — /z„,) magnetic moment of the nucleon, one can find: 



^ _ g-nNN {p-p + Mn) gjJ/i' 

grrNN {iJ-p " Mn) ff(-^/'0 " 



> rjuj) QnNN 0-88 / r( J/-1/; ^ -quj) 



^°P°) gnNN 4.8 V T{J/^ ^ ^V") ' ' 7 



grjNN 



g-uNN 



where g (F) is the corresponding coupling constant (decay width). All existing analysis of threshold ry— meson photo- 
production on protons |39| indicate that griNN g-nNN- Therefore, in the framework of such model, we have \r\ <ti 1. 
From these considerations we can not determine the sign of the ratio r, but the small value of \r\ indicates that the 
np-cross section can be essentially larger than pp-cross section, in case of J/ip production. 

However conclusions could be different if one takes another set of experimental data about J/ ■0-decays Is^ : 



BR{J/^P pprj) = (2.09 ± 0.18) • 10~ 



BR{J/i> pnn-) = (2.00 ± 0.10) • 10 



-3 



(27) 



Evidently both these decays can be considered as crossed-channels of the processes r]{7r) N N + J/4>- Generally, 
each decay J/i(j N+N+P (P is the pseudoscalar meson, P = tt or 77) is characterized by a complicated spin structure 
- with six independent scalar (and complex) amplitudes, which are functions of two independent kinematical variables. 
It is not possible to restore the full spin structure, from the knowledge of the branching ratio, alone (with unpolarized 
particles). Moreover, there is the delicate problem of the extrapolation from the decay region of the kinematical 
variables (of the process J/tp N + N + P) to the scattering region (of the process P + N ^ N + J/tp). To overcome 
this problem, let us consider the oversimplified assumption that the two types of processes J/tp N + N + P and 
P + N ^ N + J/ip are driven by an effective contact four-particle interaction, with a single coupling constant. The 
exact spin structure of this interaction is not important for our considerations. In such approximation the ratio r can 
be estimated from the following formula: 



gr,NN {t - ml) 

g-KNN {t - to2) 



BR{J/tP NNrj) 



BR{ J/tJj ^ NNir- 



1/2 



griNN 
g-rrNN 



< 1 



Again the sign of r can not be determined by such considerations, but, again the value of r which has been derived 
is in the range where the ratio TZ is very sensitive to the value of r. Note that the dependence of the polarization 
observables Ai and Vi is also quite large, in this region of r. 

In the previous considerations, the effects of the final state interaction in the produced NNJ/ip-thiee particle 
system were not taken into account. In the near threshold region, the iVA^— interaction is well known, in terms of 
the corresponding scattering energies and effective radius. It is not the case for the J/?/'A^-interaction. Note in this 
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connection, that the total J/-0 A'^-cross section is not presently well known |^0j. For example, photoproduction data 
give values of 3-4 mb , while the analysis of charmonium absorption on nucleons (at relatively high momentum) in 
p+A- and A+A-reactions suggests larger values, 6-7 mb . These larger values can be explained in the framework 

of effective Lagrangian approaches . Different methods have been suggested for a direct measurement of this 

quantity, through the processes n + d ^ J /ij: + p + p |Q J/ip + n ^] , and charmed meson production in 
p + ^-colHsions . 

Note, that in the general case, it is necessary to define two different J/i/'-cross sections corresponding to transversal 
and longitudinal J/-0-polarization. For example, the data about J/tp + N are sensitive to ctt( J/V'-^)-cross 

section, with transversal J/'(/;-polarization, if the VDM hypothesis is correct. Another possible method is to determine 
the average (T^t,( J/-!/'-/V)-cross section, obtained by averaging over the J/i/j-polarization. In the case of interest here, 
the near-threshold J/i/'-production in nucleon-nucleon collisions, N + N~^N + N + J/ip, the possible effects of the 
J/'f/'iV- interaction are given by the (Jt{J/'iPN)-cioss section alone, because we showed that the kinematical conditions 
are such that the J/tp is produced with transversal polarization, only. To avoid double counting in the calculation 
of the J/ipN final interaction, one has to take into account only the J/tpN interaction with a nucleon spectator, 
produced in the vertex t:NN. 

Let us compare the cross sections for the and J/^- production in pp-coUisions - in the framework of the same 
approach, namely for 7r-exchange in N + N ^ N + N + V'^ and p-exchange for the subprocess vr + N + V^, with 



V 



_ 



or J/ip- For the same value of Q = — 2m — rny , we can write (in the near-threshold region): 



i?(J/V;,0) 



a{pp ppJ/^) 




^ Trp) 


f u-mi V 


\F{tj/^)] 


a{pp ppcf) 




> irp) 


\tj/^ -ml J 


[ Hh) \ 



where g{V Tip) is the coupling constant for the decay V — > 7rp, ty = —mmv is the threshold value of the momentum 
transfer squared, F{t) is a phenomenological form factor for the vertex tt* p*V , with virtual tt and p. Using the existing 
experimental data about the decays J/ip n + p and 4> tt + p , one can find g'^{J/'4' — * '^p)/g'^{4' ~^ '^p) — 10~^, 



so that R{J/ip, 



10 



-5 



1 2 



can find that uijap — > ppj/ip) ~ 0.03 nb 



Taking into account that cr{pp ppcj)) ~ 300 nb at pl — 3.67 GeV one 



FiU) 



This value is too small, when compared with the existing 



experimental value for the lowest ^/s — 6.7 GeV, namely Q aexp{pp ppJ/ip) = 0.3 ± 0.09 nb. 

Note that the p-exchange model for cr{TiN —> J/ip) gives a cross section one order of magnitude smaller in comparison 
with other possible theoretical approaches [p p9|j50[ |. It is one possibihty to explain the value of aexpipp — > PpJ/i^)- 



Another possibility is to take 
smaller size in comparison with 



, . J± 10, which can be plausible, because the J/ip = cc-system must have a 
F(i0| J ^ 

b = ss. This can be realized by the following form factor: 



Fv{t) 



A2 



with A\ 



my- 



IV. CONCLUSIONS 



Let us summarize the main results concerning the theoretical analysis of J/V'-production in nucleon-nucleon colli- 
sions in threshold regime. 

• We established the spin structure of the threshold matrix element in terms of a limited number of partial 
transitions, corresponding to S'-wave production of final particles in the process N + N^N + N + J /ip. 

• We proved the essential role of isotopic effects for J/?/'-production in pp- and Tip-collisions. The two reactions 
present very different characteristics concerning: 

— the number of independent partial transitions, 

— the spin structure of the threshold matrix elements, 

— the value of the absolute cross sections. 
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— the polarization phenomena. 

Note that all these differences are generated by a common mechanism: the origin of the essential difference has 
to be found in the different role of the Pauli principle for pp- and pn-collisions in the near threshold region. 

• This model-independent analysis shows the universality of theoretical considerations of threshold production of 
different vector mesons in nucleon-nucleon collisions, starting from light p, to, (p to charmed mesons. 

• Only one polarization observable, the J/?/;-polarization, is identical for pp- and pn-collisions: the J/?/'-meson is 
transversally polarized -even in collisions of unpolarized nucleons. The experimental determination of the ratio 
of the total cross sections for np— and pp— collisions is important for the identification of the reaction mechanism. 
Polarization phenomena, which are trivial for threshold pp-collisions, will be very useful for np-coUisions. The 
polarization transfer coefficients show the largest sensitivity to the nature (quantum numbers) of channel 
exchanges. 

• The existing experimental data on the specific decays of J/V'j such as J /ip pn, Jf-ip Lurj, J — s- NNn, 
J/tp NNrj, constrain a possible model for the threshold J/'f/'-production in nucleon-nucleon collisions. These 
data show, in a transparent way, the link between the possible reaction mechanisms on one side, and the physics 
of J/V'-decays in usual hadrons {N, N, it, p...), on the other side. 
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FIG. 1. Feynman diagrams for the process n+p —^ n+p+V°, describing t— channel exchanges by neutral cr, r) and 7r°-mesons. 
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FIG. 2. Pion exchange for the process n+p—tn+p + V". 
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FIG. 3. Dependence of 7?, on r 
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FIG. 4. Dependence of Ai on 
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FIG. 5. Dependence of Vi on r 



16 



N(p.: 



N(p, 



FIG. 6. Feynman diagram for t-channel a;(p)-exchange for the process 77(77) + N ^ N + N + J/tp. 
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